Summary Both short-and long-term effects of Mg deficiency on carbohydrate metabolism were investigated in 6-year-old clonal Norway spruce (Picea abies (L.) Karst.) trees cultivated in sand culture with an optimal supply of nutrients, except for Mg which was supplied at 0.203, 0.041 and 0.005 mM to provide optimal, moderately deficient and severely deficient Mg supply, respectively. Annual changes in carbohydrate concentrations (starch, sucrose, glucose and fructose) were analyzed and diurnal changes were investigated on a single day during the summer.
Introduction
There is evidence that, in Norway spruce (Picea abies (L.) Karst.) needles from stands showing forest decline symptoms, changes in pool sizes of carbohydrates are caused by Mg deficiency. Accumulations of starch in yellowing needles of declining Norway spruce trees have been observed by Fink (1983) , Oren et al. (1988) and Forschner et al. (1989) ; however, Hampp and colleagues did not find any changes in starch concentrations, perhaps as a result of the interactive effects of other stress factors, although they did observe a longer retention of starch in yellowing needles than in green needles during late autumn (Hampp et al. 1987, Einig and . Because interactions with environmental factors, such as drought, acid deposition and air pollutants (e.g., Vogels et al. 1986 , Landoldt and Krause-Lüthy 1989 , Hampp 1992 , may alter the carbohydrate pools, the effects of Mg deficiency on carbohydrate metabolism need to be studied under controlled conditions.
A deficiency in Mg nutrition can affect carbon metabolism in many ways causing reductions as well as accumulations of specific carbohydrates. Because Mg is a constituent of the chlorophyll molecule and is also a cofactor of a series of enzymes involved in carbon fixation, it is essential for photosynthesis (Laing and Christeller 1976, Lorimer et al. 1976) . Magnesium is also required for ATP metabolism and is, therefore, essential for many metabolic processes, including carbohydrate metabolism and the synthesis of proteins, fats and nucleic acids. It is also a key element in membrane transport (Marschner 1986) .
The main objective of this study was to test the hypothesis that Mg deficiency results in the accumulation of carbohydrates in Norway spruce needles. We investigated short-term and long-term effects of Mg deficiency on starch, sucrose, glucose and fructose concentrations in needles, and we also evaluated diurnal and annual changes in carbohydrates with respect to Mg nutrition and needle age.
Materials and methods

Plant material and study design
Two experiments, one long term (Experiment 1) and one short term (Experiment 2), were conducted during the growing seasons of 1990 and 1991, respectively. In Experiment 1, 100 six-year-old Norway spruce trees of Clone 1382/113 (provenance Rothenkirchen 84011, Frankenwald, Germany) were planted in an outdoor facility in spring 1988. In Experiment 2, 100 five-year-old Norway spruce trees of Clone 1213/113 of the same provenance were planted in October 1990. In both experiments, the nonmycorrhizal trees were cultivated in sand culture in 70-liter pots and individually supplied with nutrients by means of a continuously circulating solution, which was replaced once a week. The nutrient solutions were adjusted to achieve optimum growth according to the principles set out by
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Sampling conditions
In Experiment 1, current-year to 2-year-old needles were taken from the fourth whorl between 0800 and 0930 h MET (MidEuropean Time) in May, June, August and October 1990, and in March 1991 for carbohydrate analysis. In Experiment 2, needles were taken from current-year and 1-year-old twigs of the third whorl in July, August and September 1991 for carbohydrate analysis. Samples were collected between 1100 and 1230 h MET at high irradiance (> 1200 µmol m
) after a period of at least 2 days with bright sunshine. In both experiments, samples were taken from six trees per Mg treatment, and all samples were taken from the sun-exposed, upper side of the twigs. For the study of diurnal changes in carbohydrates, needles from trees in the optimal-Mg treatment and the severe Mg-deficiency treatment were sampled from current-year and 1-year-old shoots every 2 and 4 h, respectively, between 0400 and 2200 h MET on August 22, 1991, a day following a period of high temperatures and high irradiance.
For the determination of Mg, needle samples were taken from current-year to 2-year-old southerly exposed twigs of the fourth whorl in October 1990 and 1991. Five samples of each treatment and age class were combined to form one mixed sample. Magnesium was assayed in two and five replicates of the mixed samples in 1990 and 1991, respectively.
Temperature, relative humidity and solar irradiance, measured with a quantum sensor (Li-Cor Inc., Lincoln, NE), were recorded at each sampling time.
The needle samples were immediately frozen in liquid nitrogen and stored at −80 °C. Frozen needle tissue was homogenized with a microdismembrator (Braun, Melsungen, Germany), and the resulting powder was freeze-dried at −25 °C and stored under vacuum at −20 °C.
Measurements
Concentrations of sucrose, glucose and fructose in the needles were determined according to . Two mg of lyophilized needle homogenate was extracted in 1 ml of 65% (v/v) aqueous ethanol at 70 °C for 1 h. Activated charcoal (2%, w/v) was used in order to reduce the blank reading. The mixture was then centrifuged at 10,000 g for 5 min, and 20 to 200 µl aliquots of the supernatant were assayed according to Jones and Outlaw (1981) .
To determine needle starch concentrations, 2 to 6 mg aliquots of needle homogenate were extracted with 0.5 ml of 0.5 M NaOH in Eppendorff vials at ambient temperature for 1 h (Dekker and Richards 1971) . To remove free glucose, the extract was incubated at 95 °C for 3 min, adjusted to pH 4.6 with 0.5 M acetic acid, and then centrifuged at 10,000 g for 5 min . Aliquots of 20 to 60 µl of the supernatant were used for the enzymatic determination of starch according to Outlaw and Manchester (1979) .
Chlorophyll concentrations were determined after extraction in 80% acetone (Ziegler and Egle 1965) , and calculated according to Lichtenthaler (1987) . Magnesium concentrations of needles were analyzed by the AAS--AES flame technique (Perkin Elmer 4000, Ueberlingen, Germany) after dry ashing and digestion with HNO 3 -HCl.
Statistical analysis
Means and standard errors (SE) were calculated separately for each sampling time and each needle age class. Differences among the treatments within each needle age class were evaluated by analysis of variance and Tukey's test performed with the SPSS-PC+ software package.
Results
After 3 years of adaptation to Mg deficiency, Mg concentrations in needles of Norway spruce trees closely paralleled the nutrient regimes, with lowest values in the severe Mg-deficiency treatment (Table 1) . Trees in the long-term moderate Mg-deficiency treatment showed typical symptoms of Mg deficiency, including tip-yellowing of the 1-and 2-year-old needles. The current-year needles, which developed in May, remained green throughout the growing season, and their chlorophyll concentrations did not differ from those of the controls (Figure 1 ). In contrast, in the long-term, severe Mg-deficiency treatment, needles of all age classes displayed pronounced yellowing (Figure 1 ). The short-term Mg-deficiency treatments resulted in lower needle Mg concentrations than the long-term Mg-deficiency treatments (Table 1 ). In the shortterm Mg-deficiency treatments, the first deficiency symptoms became visible in July. One-year-old needles of trees in the short-term, moderate Mg-deficiency treatment exhibited tipyellowing, whereas the current-year needles remained green and had chlorophyll concentrations comparable to those of ) in current-year, and 1-and 2-year-old needles of Norway spruce trees subjected to longterm (Experiment 1, n = 2) or short-term (Experiment 2, n = 5) Mg-deficiency treatments. (Table 2 ). In the short-term, severe Mg-deficiency treatment, yellowing symptoms were most pronounced among the current-year needles. Throughout the growing season, chlorophyll concentrations of needles in the short-term severe Mg-deficiency treatment were significantly lower than those of control needles ( Table 2) . As a consequence of long-term Mg deficiency, starch concentrations increased in the current-year needles after their maturation from August onward (Figure 2 ). In addition, the Mg-deficiency treatments resulted in higher sucrose and fructose concentrations in the current-year needles in August 1990 and March 1991, respectively, than in the corresponding control needles. One-year-old Mg-deficient needles exhibited a decrease in starch accumulation in May, when the development of new shoots started (Figure 3) , and this was accompanied by increased concentrations of glucose and fructose in May and June. Significant increases in sucrose concentrations occurred in 1-year-old needles in the moderate-and severe Mg-deficiency treatments in May and October, respectively. As observed in current-year needles, the Mg-deficiency treatments caused increases in starch concentrations of 2-year-old needles in August and October and increases in sucrose concentrations throughout the measuring period (Figure 4) . The well-known annual changes in starch, glucose and fructose concentrations, which generally reflect growth and developmental processes in the trees, were observed in all treatments.
The accumulation of starch in the short-term Mg-deficiency treatment was even more pronounced than in the long-term experiment, especially in 1-year-old needles (Table 3 ). The needles in the moderate Mg-deficiency treatment exhibited peak concentrations of glucose and fructose in July. A significant increase in sucrose concentration also occurred in July in both current-year and 1-year-old needles of the severe Mg-deficiency treatment and in 1-year-old needles of the moderate Mg-deficiency treatment. However, in August, sucrose concentrations decreased in both needle age classes of the severe Mg-deficiency treatment in parallel with large increases in starch concentrations.
In August 1991, diurnal changes in carbohydrate concentrations were followed in samples from trees in the control and severe Mg-deficiency treatments after a period of high temperatures and intensive irradiance. During daytime, the temperature reached 35 °C, and relative humidity declined to about 20% ( Figure 5 ). As a consequence of the hazy sky, photosynthetically active radiation (PAR) was saturating for photosynthesis for only a few hours around noon. Starch concentrations of the current-year control needles showed only minor alterations during daytime, whereas starch concentrations in the severe Mg-deficiency treatment decreased throughout the day (Figure 6 ). Although chlorophyll concentrations were reduced in current-year needles of the severe Figure 1 . Chlorophyll concentrations in current-year, and 1-and 2-year-old needles of Norway spruce trees adapted to Mg deficiency (Experiment 1) (᭹ controls, moderate Mg deficiency, and ᭢ severe Mg deficiency). Means of nine samples ± SE are presented for each month (significant differences between treatments: * = P < 0.05, ** = P < 0.01, and *** = P < 0.001). ) in current-year and 1-year-old needles of Norway spruce trees subjected to short-term Mg-deficiency treatments (Experiment 2, means ± SE, n = 6). Significant differences between the treatments: ** = P < 0.01, *** = P < 0.001. Values followed by different letters differ significantly among the treatments (Tukey's test, P < 0.05).
Sampling
Control Moderate Severe deficiency deficiency Mg-deficiency treatment, starch accumulation was five times greater than that of the control needles. Sucrose concentrations rose in the morning and then remained constant throughout the day. Treatment-related increases in sucrose concentration were only observed in the morning. In the evening, glucose and fructose concentrations increased in the Mg-deficiency treatment. Short-term Mg deficiency also resulted in increased starch concentrations in 1-year-old needles, but values varied greatly ( Figure 7 ).
Current-year needles
Discussion
Symptoms of Mg deficiency in Norway spruce typically occur as tip-yellowing in older needles, whereas the current-year needles remain green (Baule and Fricker 1967 , Zöttl 1985 , Bergmann 1988 . A similar pattern of symptoms was observed in trees in the short-term, moderate Mg-deficiency treatment; however, even current-year needles developed severe chlorosis in the short-term, severe Mg-deficiency treatment. As observed in the field (Mies and Zöttl 1985, Lange et al. 1989) , the yellowing symptoms were more intense on the upper, sun-ex- Figure 2 . Starch, sucrose, glucose and fructose concentrations in current-year needles of Norway spruce trees adapted to Mg deficiency (Experiment 1) (᭹ controls, moderate Mg deficiency, and ᭢ severe Mg deficiency). Means of six samples ± SE are presented for each month (significant differences between treatments: * = P < 0.05, and ** = P < 0.01). Note the additional scale for the October data. Figure 3 . Starch, sucrose, glucose and fructose concentrations in 1-year-old needles of Norway spruce trees adapted to Mg deficiency (Experiment 1) (᭹ controls, moderate Mg deficiency, and ᭢ severe Mg deficiency). Means of six samples ± SE are presented for each month (significant differences between treatments: * = P < 0.05, ** = P < 0.01, and *** = P < 0.001). Note the additional scale for the October data.
posed sides of the needles than on the lower, shaded sides. This pattern of deficiency symptoms continued throughout the 3-year study and was not accompanied by tree mortality. Chlorophyll concentrations were reduced when the Mg concentration of the needles was less than 0.5 mg g DW −1
. This value is between the threshold values of 0.7 mg g DW −1 reported for Norway spruce seedlings (Ingestad 1962 ) and 0.3 mg g DW −1 reported for older trees (Reemtsma 1986 , Köstner 1989 , Schulze 1989 ). The differences in the threshold values might be associated with tree age or with differences in nitrogen nutrition (Ingestad 1979 ).
The observed diurnal and annual dynamics of carbohydrate concentrations in the needles confirms earlier studies (Senser et al. 1975 , Ericsson 1979 , Fink 1983 , Forschner et al. 1989 , Figure 4 . Starch, sucrose, glucose and fructose concentrations in 2-year-old needles of Norway spruce trees adapted to Mg deficiency (Experiment 1) (᭹ controls, moderate Mg deficiency, and ᭢ severe Mg deficiency). Means of six samples ± SE are presented for each month (significant differences between treatments: * = P < 0.05, ** = P < 0.01, and *** = P < 0.001). Note the additional scale for the October data. ) in current-year and 1-year-old needles of Norway spruce subjected to short-term Mg-deficiency treatments (Experiment 2, means ± SE, n = 6; for further explanations, see Table 2 ).
Sampling
Control Moderate Severe deficiency deficiency , 1991 . Similar diurnal and annual fluctuations were observed in all treatments, but carbohydrate concentrations were influenced by the Mg-deficiency treatments. Needles in both Mg-deficiency treatments exhibited an increase in starch concentrations, especially during summer and autumn, and in the short-term Mg-deficiency treatment. In addition, sucrose and, to a minor extent, glucose and fructose concentrations increased in response to the Mg-deficiency treatments. Similar increases in carbohydrates have been observed in leaves of Mg-deficient herbaceous plants in association with decreases in the accumulation of assimilates in sink organs (Beringer and Forster 1981 , Fischer and Bussler 1988 , Fischer and Bremer 1993 . Fink (1991) observed starch accumulation in the chloroplasts of Norway spruce needles, suffering from experimentally induced Mg deficiency. The accumulation of starch began before the reduction in chlorophyll concentration occurred. Starch accumulation was highest in needles exhibiting slight yellowing symptoms and decreased again when yellowing became severe (Figures 1 and  2 , Tables 2 and 3 ). The accumulation of carbohydrates leads to reduced activities of Calvin-cycle enzymes (Krapp et al. 1991 . Under high irradiance, a reduction in Calvincycle enzyme activities could result in an over-energization Figure 6 . Diurnal course of starch, sucrose, glucose and fructose concentrations in current-year needles of Norway spruce trees under short-term Mg-deficiency treatment (Experiment 2) (᭹ controls, and ᭢ severe Mg deficiency). Means of three samples ± SE are presented for each month (significant differences between treatments: * = P < 0.05, and ** = P < 0.01). Figure 7 . Diurnal course of starch, sucrose, glucose and fructose concentrations in 1-year-old needles of Norway spruce trees under short-term Mg-deficiency treatment (Experiment 2) (᭹ controls, and ᭢ severe Mg deficiency). Means of three samples ± SE are presented for each month (significant differences between treatments: * = P < 0.05, ** = P < 0.01, and *** = P < 0.001).
and over-reduction of thylakoids and thus cause oxidative stress. Evidence for this interpretation is provided by the finding that the activity of antioxidative systems in Mg-deficient Norway spruce needles increased before reductions in chlorophyll concentrations occurred (J. Schittenhelm, S. Westphal, E. Wagner and B. Mehne-Jakobs, unpublished results).
The accumulation of carbohydrates in Mg-deficient needles could arise as a result of either a malfunction of phloem loading, or a reduced demand for carbohydrates in growing tissues that depend on assimilates such as roots, trunks or developing shoots (Rufty and Huber 1983 , Schaffer et al. 1986 , Sawada et al. 1987 , Rufty et al. 1988 . In Mg-deficient bush beans (Phaseolus vulgaris L.), reductions in leaf area increment of developing leaves occur before sucrose and starch accumulate in mature leaves (Fischer and Bremer 1993) . In trees, the interactions between assimilating leaves and growing tissues are more complex, because spring growth is dependent on stored carbohydrates assimilated during the preceding growing season (Kozlowski et al. 1991) . Nevertheless, early growth reductions, especially in the roots, have been observed in Mg-deficient Norway spruce (Ingestad 1959 (Ingestad , 1979 , indicating that carbohydrate accumulation in assimilating needles is closely associated with reduced growth rates.
